In this work, the effect of the pin diameter on the microstructure, hardness, and strength of friction stir welded 6061-T6 aluminum alloy to dual phase steel has been investigated. Microhardness measurements, tensile shear tests, optical microscopy, scanning electron microscopy with energy dispersive spectroscope (EDS), and X-ray diffraction were the main techniques used. The results showed that friction stir welding can be used for the joining of dissimilar 6061-T6 aluminum alloy to dual phase steel. We have found that the maximum strength is obtained after welding with the highest pin diameter.
Introduction
Joining of dissimilar materials is of increasing interest for a wide range of industrial applications. The main reasons for dissimilar joining are due to the combination of good mechanical properties of one material and either low specific weight or good corrosion resistance or good electrical properties of second material [1, 2] . Friction stir welding (FSW) is potentially a practicable joining process for dissimilar materials. Being a relatively new process, research and development efforts are concentrated on the role of the materials, welding parameters, tool design on the microstructure and properties of the welded joint [3] . The most convenient joint configurations for FSW are butt and lap joints. The FSW is a solid state process during which a rotating tool containing a pin and a shoulder is plunged into the joint and so, heat is generated by the friction between the tool and the work pieces as well as the plastic deformation [4, 5] . A number of detailed studies have reported on the joining of an aluminum alloy sheet to a steel sheet by FSW [6] [7] [8] , and an interesting papers have been published on the characterization of friction stir lap joint between aluminum alloy and steel [9] [10] [11] [12] . For example, Movahedi et al. [13] did friction stir lap joint between Al5083 and St-12 mild steel. They found that an intermetallic compound layer with a thickness of less than 2 μm will not degrade joint quality. Similar results were suggested by Lee et al. [14] and they reported that 2 μm IMC layers with the composition of Fe3Al, Fe4Al13 can contribute to the joint strength. Kimapong and Watanabe [15] did FSW lap joint on A5083 to SS400 mild steel and reported a maximum shear strength of about 77 % of the aluminum base material. They also reported in another study [16] on FSW lap joint that the thickness of IMC layer increases from 7.7 to 58.1 μm with decreasing welding speed, which significantly affects the strength of the joint. Rotational speed of the tool, tool traverse speed, and vertical pressure on the plates during welding are the main process parameters of FSW [4] . The role of tool pin is to shear the material to its backside during translation of the tool, and the inserted rotating pin brings the material at both sides of the joint line to the plastic state, aided by frictional heat input of the shoulder [2] . Shen [17] studied the effect of welding parameters ( travel speeds and penetration depth into lower steel sheet) on interfacial bonding in dissimilar Al5754 to DP600 steel friction stir welds lap joint. The results indicated that intermetallic compound of Fe4Al13 was detected at the Al/Fe interface. The weld strength increases significantly by increasing the penetration depth into the lower steel substrate at all travel speeds. Several authors have studied the effect of pin on mechanical characteristic of a welded joint by FSW process. Costa et al. [18] , Ahmadnia et al. [19] , and Kemal [20] analyzed the influence of pin geometry and process parameters on the morphology and strength of friction stir lap welds aluminum alloy. Hejazi et al. [21] used an adjustable tool with different pin lengths to perform the double-sided welds. The best results were obtained for a double-sided joint made by a pin length equal to 65 % of the sheet thickness, which showed an increase of 41 % in the ultimate tensile strength compared with the single-sided joint. Khan et al. [22] presented experimental investigations on the effect of shoulder diameter to pin diameter (D/d) ratio on tensile strength during friction stir welding of 6063-T6 aluminum alloy . They have found that for: a D/d ratio of 2.6 a yields maximum tensile strength was obtained whereas a minimum tensile strength was found at D/d ratio 2.8. In our previous works [23, 24] , we have studied the effect of the rotation speed and speed advance on the microstructure and the mechanical properties of the friction stir welded 6061 aluminum to dual phase Steel. The objective of this present work is to focus on the pin diameter effect on mechanical properties and microstructural characteristics of the friction stir welded 6061 aluminum alloy to dual phase steel. 
Weld production
The dissimilar materials were joined by FSW process ( Fig. 1 ) with a lap joint configuration as shown in (Figs. 1, 3 ). In this process, two lapped plates (Steel and Aluminum alloy) are clamped. A rotating tool is vertically plunged through the upper plate and partially into the lower plate (steel) and traversed along the desired direction joining the two plates. In our case, the rotating pin was gently pushed to the Al-6061-T6 sheet until the pin tip entered (tool offset) -0.1 mm into the dual phase steel. Then, the tool started to be moved along the joint. The welding tool rotation speed was 1200 rpm and advancing speed was 200 mm/min.
Fig. 1 FSW process with a lap joint configuration
The tool utilized for FSW was made of WC-Co (K20). Three welding tools with different pin diameters (5, 6 and 7 mm) were used ( Fig. 2) .
Fig. 2 Three welding tools with different pin diameters
The macrograph of welded dissimilar materials, 6061-T6 aluminum alloy and dual phase steel, lap welds is shown in Fig. 3 . For microstructural analysis, the cross-sectional samples were prepared using a standard metallographic procedure. The aluminum side was etched by a Killer's solution (HCl: 22.5%, HF: 7.5%, HNO3: 7.5%, H2O: bal.). The microstructure and quantitative chemical analyses of the joints were performed by an optical microscope and scanning electron microscope (SEM, Zeiss Ultra55) equipped with an energy dispersive spectroscope (EDS). The microhardness measurements were conducted on a Vickers microhardness testing machine (HVS-1000Z) using a load of 500 gf and dwell time of 10 s. The joint strength was evaluated on a tensile testing machine (Zwick 50 kN) using a crosshead speed of 0.5 mm/min at room temperature. The lapshear specimens with a gauge length of 80 mm and width of 10 mm were prepared. The shear strength properties of each joint were evaluated using three lap-shear specimens cut from the same joint. 4 shows the optical observation of a joint cross-section of the 6061-T6 aluminum alloy and dual phase steel lap welds. It is clear from this general view of the welded region that all the deformation and transformation occurring during welding process occurs on the aluminum side of the joint, because aluminum is a soft material than the steel. Consequently, the investigation of this aluminum side represents the objective of this investigation. Distinct regions from advancing side to the retreating side in aluminum part can be also observed. In order to give more details in the welded region, Fig. 5 shows the magnification of the region near the advancing side. This region exhibits four distinct zones, namely Base Metal (BM), Heat Affected Zone (HAZ), Thermo-Mechanically Affected Zone ( TMAZ), and Stirred Zone (SZ), also called Nugget Zone. The (SZ) has the highest strain and undergoes recrystallization reaction. This reaction is due to the mechanical action of the tool probe that generates a continuous dynamic recrystallization process as it has been indicated [25] .The highest temperature and the severe plastic deformation during the welding in the (SZ) result in a new equiaxed fine grain structure. It has been reported that the structure of weld nugget was mainly plastic diffusion combination as found in other weld materials by FSW [26] . In addition, the microstructure analysis indicated, the presence of steel particles in aluminum matrix. However, the TMAZ is characterized by a deformed grains. These grains are elongated through the teeth tips due to the high deformation,which is comparable to the hot-working of metallic material. Concerning the HAZ, it is not different from the microstructure of the base metal. It is known that the microstructural evolution in HAZ takes place only under the influence of thermal cycle. However, no plastic deformation effect has been observed in this area as it has been confirmed by a previous work [27] . 6 presents the pin diameter effect of welding tool on the optical micrographs evolution of a joint of the 6061-T6 aluminum alloy and dual phase steel lap welds. From these cross-section observed, two main phenomena were observed inside the core of welded joint: mixture of the dissimilar materials and grain refinement. Because the nugget zone (WN) represents a highly dynamic and turbulent zone, the particles of steel disappear by increasing the pin diameter. Consequently, the stir process was produced during friction welding. In addition, refinement grain is also influenced by pin diameter. This refinement is due to the high temperature induced by high pin diameter used in the welding process. The fine recrystallized grains in the stirred zone were attributed to the generation of high deformation and temperature during FSW. 
SEM observation and EDS analysis
In order to examine the weld joint, of the welded dissimilar materials, a scanning electron microscopy (SEM) was used ( Fig. 7) with the EDS analysis ( Table 3) . From the Fig. 7 distinct interfacial layer with a different colors from either steel or aluminum can be observed, which indicates a newly formed phase of intermetallic compounds (IMC). The composition of the IMC layer was identified using energy dispersive spectroscope (EDS) technique ( Table 3) . The EDS analysis indicated that there were intermetallic particles in the weld nugget zone. To give more details about this analysis, selected regions were chosen inside the SZ (marked with A, B, C, and D) (Fig. 7) . Table 3 Fig. 8 presents the X-ray diffractogram of the welded joint 6061-T6 aluminum alloy to dual phase steel. As it is shown, peaks of AlFe3, AlFe, and Fe2Al5 phases have been detected which confirm some previous works [28] and also, this IMC is a mixture of two main elements (Fe to Al). These new phases confirm the atomic diffusion during the welding process. This phenomenon has been deeply explained in the work of et al. [29, 30] . They attributed the atomic diffusion to the heat flow during welding process. The presence of some peaks of Al and Fe is due to the diffraction side of the Al plate and steel plate or dual phase steel particles. 
XRD analysis

Mechanical testing
Concerning the mechanical properties of welded joint, it has been found that the changes in hardness are mainly associated with the grain size variations, dislocation density, and distribution of small particles of intermetallic compounds [31] . Fig. 9 shows the typical microhardness variations in the direction perpendicular to the weld interface of the dissimilar materials. The results show a distinct change in hardness along the aluminum side. Three microhardness profiles of the FSW joints present a W-shaped profile and the shape of all curves are similar to that observed in other friction stir weld [32] , i.e., the lowest hardness inside the core of the welded region, however the highest hardness values are in HAZ and TMAZ. Concerning the effect of pin diameter on microhardness of welded join, it can be observed that the microhardness in the weld zone is higher for welded dissimilar materials by lowest pin diameter, because the heat input is slow with the low friction. However, the lowest hardness is obtained after welding by the highest pin diameter. In this last case, the high friction induced by highest pin diameter which increases the heat input and consequently causes softening phenomenon in aluminum side. An increase in diameter hardness caused fragmentation of iron in aluminum as shown in Fig. 10 . The effect of pin diameter on shear strength of welded joint is represented in Fig. 10 . It is clear that the shear tensile strength increases by the increase of the pin diameter. In our case, the maximum shear strength is obtained for pin diameter of 7 mm. This high resistance is due to the mixture of the dissimilar materials and grain refinement in stirred zone. It has been reported that the joint is a result of mechanical deformation and may be characterized by a combination of two hot working processes: forging and extrusion [33] . For the heat treatable aluminum alloy, the strengthening is mainly due to the presence of precipitates rather than the grain size [34, 35] . The intermetallic layer is continuous and relatively uniform (mixed layer elimination) , which leads to a high tensile strength. This result is supported by the theoretical work of Pretorius et al. [36] .
Conclusions
In summary, the effect of pin diameter on the microstructure, hardness and strength properties of friction stir welded 6061-T6 aluminum alloy to dual phase steel have been investigated. The following conclusions were drawn: 1) Friction Stir Welding (FSW) technique was successfully applied to joining of Al6061 alloy to dual phase steel. 2) Different zones were observed (SZ, TMAZ, and HAZ) in welded dissimilar materials. The main microstructural transformation was observed in stirred zone and thermomécanical affected zone. The weld nugget (SZ) is mainly composed of very fine dynamically recrystallized grains and dual phase steel particles.
3) The maximum shear strength is obtained for high pin diameter. It is due to the fine intermetallic layer formation, which is formed of AlFe3, AlFe, and Fe2Al5 phases.
